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ABSTRACT 
 
Hydrogen isotope compositions of the martian atmosphere and crustal materials 
can provide unique insights into the hydrological and geological evolution of Mars. 
While the present-day deuterium-to-hydrogen ratio (D/H) of the Mars atmosphere is well 
constrained (~6 times that of terrestrial ocean water), that of its deep silicate interior 
(specifically, the mantle) is less so. In fact, the hydrogen isotope composition of the 
primordial martian mantle is of great interest since it has implications for the origin and 
abundance of water on that planet. Martian meteorites could provide key constraints in 
this regard, since they crystallized from melts originating from the martian mantle and 
contain phases that potentially record the evolution of the H2O content and isotopic 
composition of the interior of the planet over time. Examined here are the hydrogen 
isotopic compositions of Nominally Anhydrous Phases (NAPs) in eight martian 
meteorites (five shergottites and three nakhlites) using Secondary Ion Mass Spectrometry 
(SIMS).  
This study presents a total of 113 individual analyses of H2O contents and 
hydrogen isotopic compositions of NAPs in the shergottites Zagami, Los Angeles, QUE 
94201, SaU 005, and Tissint, and the nakhlites Nakhla, Lafayette, and Yamato 000593. 
The hydrogen isotopic variation between and within meteorites may be due to one or 
more processes including: interaction with the martian atmosphere, magmatic degassing, 
subsolidus alteration (including shock), and/or terrestrial contamination. Taking into 
consideration the effects of these processes, the hydrogen isotope composition of the 
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martian mantle may be similar to that of the Earth.  Additionally, this study calculated 
upper limits on the H2O contents of the shergottite and nakhlite parent melts based on the 
measured minimum H2O abundances in their maskelynites and pyroxenes, respectively. 
These calculations, along with some petrogenetic assumptions based on previous studies, 
were subsequently used to infer the H2O contents of the mantle source reservoirs of the 
depleted shergottites (200-700 ppm) and the nakhlites (10-100 ppm). This suggests that 
mantle source of the nakhlites is systematically drier than that of the depleted 
shergottites, and the upper mantle of Mars may have preserved significant heterogeneity 
in its H2O content. Additionally, this range of H2O contents is not dissimilar to the range 
observed for the Earth’s upper mantle. 
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Introduction 
 The surface of Mars was once host to running water, and may have contained 
lakes as large as Earth’s Caspian Sea (Fassett and Head, 2008a). Martian surface water 
has long since disappeared, but geomorphological scars remain as vital clues to the 
planet’s water-rich past (e.g. Farmer et al. 1976; Carr, 1996; Jakosky and Phillips, 2001; 
and others). These lines of evidence for a wet early Mars beg the question: what was the 
source for water on Mars? Martian meteorites provide a unique way to address this 
question since they crystallized from melts derived from the martian mantle and thus 
provide insight into the volatile budget of the interior of Mars.  
Previous studies of H2O contents and δD values of phases in martian meteorites 
have demonstrated how vital these samples are to inferring the hydrogen isotopic 
composition and H2O content of the martian mantle (e.g., Watson et al. 1994; Leshin, 
2000; Boctor et al. 2003; Usui et al. 2012). However, many of these studies utilized 
biotite, amphibole, apatite and other hydrous phases, which may not represent primary 
magmatic H2O contents. Nominally Anhydrous Phases (NAPs), such as pyroxene and 
plagioclase, can accommodate a very small amount of allovalent trace elements in their 
crystal structure (including hydroxyl), making these phases ideal candidates to study 
primary magmatic H2O contents and hydrogen isotopic signatures. Thus, our study seeks 
to better constrain the H2O content and hydrogen isotopic composition of the martian 
mantle through analysis of Nominally Anhydrous Phases (NAPs) in five shergottites and 
three nakhlites.  
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Background  
Hydrogen Isotopes in the Earth 
Before 1931, it was believed that hydrogen had only one isotope. However, a 
stable isotope two times the mass of hydrogen was discovered in 1932 (Urey et al. 
1932b). Urey named the isotope deuterium, making it one of the only isotopic systems to 
have individual names for each isotope. Here we use the δD notation (D = deuterium), 
developed by Harmon Craig in 1961,which is used to report per mil deviations of 
deuterium from the standard value for hydrogen, i.e., the Standard Mean Ocean Water 
(SMOW).  
Equation	  1:	  Delta	  notation	  for	  D/H	  ratios	  based	  on	  SMOW	  (Craig,	  1961)	  
 
The Earth contains distinct hydrogen isotopic reservoirs, all of which show a 
range of δD values resulting from mass dependent fractionation processes occurring in 
the terrestrial environment in a range of physicochemical conditions (Fig. 1). By 
definition, SMOW has a δD value of zero. Oceanic sediments and shales are 
characterized by δD values close to SMOW, i.e., 5.5 ± 8.7‰ (Savin and Epstein, 1970). 
The terrestrial mantle is relatively depleted in deuterium with respect to ocean water, with 
δD values falling within a narrow range of –92 to –113‰ (Bell and Ihinger, 2000). 
Igneous and metamorphic rocks also define a relatively narrow range in δD (typically 
from ~–50 to –125‰). Sedimentary rocks record a relatively larger range in δD values 
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compared to igneous rocks, since low-temperature processes result in larger D/H 
fractionation. Meteoric waters show some of the largest variations in δD values among 
natural terrestrial reservoirs, spanning a range of more than ~400‰ (Hoefs, 2010, and 
references therein). 
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Figure 1: Hydrogen isotopic compositions of various terrestrial reservoirs (Hoefs, 2010). 
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Hydrogen Isotopes on Mars as Inferred from Remote Measurements 
Shirk et al. (1965) first suggested that the atmosphere of Mars was enriched in 
deuterium relative to hydrogen. Additional terrestrial-based spectroscopic studies have 
subsequently supported this conclusion (Owen, et al. 1988; Bjoraker et al. 1989). These 
studies showed that the martian D/H was roughly ~6 times that of the terrestrial value. It 
was additionally suggested that this enrichment indicated relatively rapid hydrogen 
escape on Mars as compared to the Earth, consistent with a “dense and warm ancient 
atmosphere on the planet” (Owen et al. 1988). 
In recent years, many Mars orbital and rover missions along with Earth-based 
observations have supported the hypothesis of a denser ancient martian atmosphere and 
abundant surface water in the past (e.g. Jakosky, 1997; Leshin, 2000; Carr and Head, 
2015). Furthermore, in situ analyses by spacecraft have led to better constraints on the 
hydrogen isotope composition of the martian atmosphere and soils. Specifically, the Mars 
Science Laboratory mission found the δD of Rocknest aeolian deposits in Gale Crater to 
range between ~+3900 to +7000‰, and estimated the δD value of “meteoric crustal 
reservoirs” and the martian atmosphere to be ~5000‰ (Leshin et al. 2013; Webster et al. 
2013). The elevated δD in the current martian atmosphere has been attributed 
predominately to Jean’s escape, or preferential loss of hydrogen over deuterium to space 
caused by thermal-driven kinetic energy (e.g Shirk et al. 1965; Watson et al. 1994; and 
others). This implies that the δD of the martian atmosphere increased progressively with 
time throughout the planet’s history. Alternatively, it has been suggested that Mars 
experienced an early, extensive loss of hydrogen to space (before 3.9 Ga) followed by 
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only modest loss in the last ~4 billion years, such that the D/H of the martian atmosphere 
has remained largely unchanged for the last 165 Ma (Greenwood et al. 2008).  
 
Hydrogen Isotope Systematics of Mars as Inferred from Meteorites 
 Currently, the martian meteorites are the only samples of the crust of Mars 
available for Earth-based laboratory investigations, and provide the only means by which 
to constrain the D/H ratios and H2O contents of martian magmas and their mantle source 
reservoirs. The shergottite martian meteorites are basaltic igneous rocks, the primary 
source magmas of which have undergone varying degrees of crystal fractionation and 
accumulation (such that most have bulk compositions that do not represent their primary 
magmas). Other martian meteorite groups, like the nakhlites, chassignites and ALH84001 
are cumulate rocks, and their bulk compositions clearly do not represent their primary 
magmas. A relatively recent find, the NWA 7034 meteorite, represents yet another 
distinct type of martian meteorite, since it is a polymict breccia comprised of a variety of 
igneous and possibly sedimentary lithologies (Agee et al. 2013). Moreover, these martian 
meteorites have all undergone varying degrees of secondary alteration on Mars (possibly 
some low-temperature alteration, as well as one or more shock events) and on Earth 
(from having resided in the terrestrial environment for different durations, ranging from 
~0 years for fresh falls to hundreds of thousands of years; Nyquist et al. 2001, and 
references therein). 
Watson et al. (1994) conducted one of the first comprehensive D/H studies of the 
martian meteorites with the goal of constraining the hydrogen isotopic composition of the 
martian crust and mantle. In this study, secondary ion mass spectrometer (SIMS) analyses 
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of H-bearing minerals (amphibole, biotite, and apatite) in polished thin sections of 
Chassigny, Shergotty and Zagami showed a range in δD of +512 to +4358‰. The 
elevated δD in these samples was interpreted to indicate post-crystallization deuterium 
enrichment of initially D-poor phases by interaction with martian crustal fluids that had 
exchanged hydrogen with the D-enriched martian atmosphere. These authors argued that 
while some of the δD variability could be attributed to terrestrial contamination, most of 
the measured heterogeneity in the hydrogen isotope composition was likely to be intrinsic 
to these samples. Also, since they interpreted their data to imply incomplete exchange 
with crustal fluids with near-atmospheric D/H ratios, they did not believe that the original 
hydrogen isotope composition of dissolved martian magmatic H2O could be determined 
directly through analyses of the available martian meteorites.  
 A follow-up study by Leshin (2000) used ion microprobe analyses of apatite 
grains in the QUE 94201 shergottite to infer the δD value for the martian mantle. The 
measurements suggested the presence of two distinct isotopic reservoirs linked by a 
mixing trend: one higher-δD, lower-H2O reservoir and another lower-δD, higher-H2O 
reservoir. Leshin suggested a “two-stage history” for martian volatiles, where early 
hydrodynamic escape caused preferential enrichment in deuterium relative to hydrogen, 
causing D/H values to be roughly ~2x terrestrial values. This early stage was followed by 
extensive Jeans escape that ultimately produced the modern-day martian atmospheric 
D/H value (Leshin, 2000). The conclusions of this study were supported by another SIMS 
investigation that reported D/H analyses of phosphates in relatively young (~0.17 Ga) 
shergottites as well as the ancient (~4 Ga) ALH 84001 martian meteorite (Greenwood et 
al. 2008).   
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 An extensive study of hydrogen isotopes in martian meteorites was conducted by 
Boctor et al. (2003). Using a Cameca 6f ion microprobe, the authors analyzed a variety of 
primary and secondary phases (including carbonates, phopshates, “feldspathic and mafic” 
glasses, and melt inclusions) in the martian meteorites Zagami, Shergotty, SaU 005, DaG 
476, ALHA 77005, EETA 79001, Chassigny and ALH 84001. The phases in the 
analyzed samples showed extensive ranges in δD, varying between –200 to +4200‰. The 
main finding of this study was that the martian meteorites showed evidence for mixing of 
a high δD component (3000-4000‰), interpreted to be a martian exchangeable reservoir 
(but possibly also influenced by shock-induced alteration), and a low δD component 
(~0‰), interpreted to be either terrestrial contamination or a martian primary magmatic 
reservoir. Therefore, these authors concluded that an initial hydrogen isotopic 
composition of Mars similar to that of the Earth couldn’t be ruled out.  
 In a more recent SIMS study, the hydrogen isotopic compositions of olivine-
hosted melt inclusions were measured in an effort to determine the δD values of primitive 
martian magmas (Usui et al. 2012). The melt inclusions were assumed to contain pre-
eruptive magmatic H2O (i.e., representing relatively deep-seated, undegassed magma). 
Two samples were utilized for the study: the Yamato 980459 depleted shergottite and the 
Larkman Nunatak 06319 enriched shergottite. Based on their analyses, Usui et al. (2012) 
placed an upper limit of ~275‰ δD for the martian mantle. Their findings supported 
previous studies (e.g., Watson et al. 1994; Leshin, 2000; Boctor et al. 2003) that 
concluded that phases in the martian meteorites had undergone exchange with a heavier-
δD martian reservoir. These authors concluded that the primary magmatic source of the 
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martian meteorites was likely to have a low δD, and additionally suggested that Mars and 
Earth likely obtained their volatiles from a source with similar δD compositions.   
 The most recent hydrogen isotopic study of martian meteorites offered some 
additional insights into isotopic reservoirs on Mars. Specifically, Usui et al. (2015) 
inferred the presence of a distinct but ubiquitous near-surface reservoir on Mars 
characterized by a D/H ratio ~2-3 times Earth’s ocean water. This reservoir apparently 
predates the current martian atmospheric reservoir (D/H = ~5-6 times Earth’s ocean 
water), and was not produced by simple mixing of atmospheric water with primordial 
H2O in the martian mantle (presumed to have D/H similar to Earth’s ocean water). These 
authors further suggested that this intermediate D/H reservoir might represent “hydrated 
crust and/or ground ice interbedded with sediments”. 
A number of studies over the years have attempted to estimate the primary (i.e., 
prior to any degassing) H2O content of the martian magmas and their source mantle based 
on analyses of the martian meteorites, with varying conclusions. Although some 
experimental studies had suggested this previously (e.g., McSween et al. 2001) only 
recently have analyses of the mineral apatite established that some shergottite magmas 
contained H2O at the weight percent level (McCubbin et al. 2012) and indications of 
lower H2O content in previous work (e.g., Usui et al. 2012) may in fact be the result of 
magmatic degassing (Balta et al. 2013). In particular, McCubbin et al. (2012) examined 
the H2O in magmatic apatites in two shergottites. They observed little difference in H2O 
contents between depleted and enriched shergottite parent magmas (~0.1 -0.3 wt.% H2O). 
Furthermore, based on these magmatic H2O contents, these authors concluded that the 
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shergottite mantle source reservoirs contained ~73-210 ppm H2O, which they used to 
suggest that Mars differentiated under hydrous conditions. 
 
Sample Descriptions 
Shergottites 
The shergottites are the most petrologically and geochemically diverse subgroup 
of the known martian meteorites (McCoy et al. 2011 and references therein). Based on 
their petrology, they can be categorized as basaltic, olivine-phyric or lherzolitic. In terms 
of their geochemical and isotopic characteristics (such as REE abundances and initial 
87Sr/86Sr and 143Nd/144Nd systematics), they form three groups, i.e., “enriched”, 
“intermediate” and “depleted”. 
 
Zagami – Zagami fell on October 3rd, 1962 in Nigeria. It is a ~180±37 Ma old enriched 
basaltic shergottite composed predominately of pyroxene with lesser maskelynite, oxides 
and mesostasis (Stolper and McSween, 1979; Nyquist et al. 1995). Minor phases include 
sulfides, phosphates, and shock melt. At least two distinct lithologies can be found in this 
meteorite. First, a “normal Zagami lithology” (NZ), which is a Shergotty-like basalt 
(Stolper and McSween, 1979). The second lithology is a “dark-mottled-lithology” (DML) 
which is coarser-grained and relatively enriched in late-crystallizing minerals and is 
separated from the normal lithology by a distinct boundary on the hand sample scale 
(McCoy et al. 1995). Zagami contains two species of pyroxenes: augite and pigeonite. 
Most pyroxenes exhibit chemical zoning, with Mg-rich cores and Fe-rich rims (Stolper 
and McSween, 1979). The feldspars have been completely maskelynized and are broadly 
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An51Ab46Or2 . In addition to these major phases, whitlockite, apatite, pyrrhotite, 
titanomagnetite, fayalite and small inclusions of amphibole are present as minor phases 
(Easton and Elliot, 1977; Stolper and McSween, 1979).  
 
Los Angeles – Found just over 30 years ago in the Mojave Desert, Los Angeles is a 
coarse grained enriched basaltic shergottite (Rubin et al. 2000). Based on the Rb-Sr and 
Sm-Nd chronometers, it has a crystallization age of ~170 Ma, which is similar to that for 
Zagami (Nyquist et al., 2000). Xirouchakis et al. (2002) described the specimen as a 
microgabbro, with anhedral to subhedral grains of pyroxene and subhedral maskelynite. 
Los Angeles also shows symplectite textures composed of fayalite, hedenbergite and 
silica. This texture, in combination with the coarse grain size of the major minerals, 
suggests the parent magma had a slow crystallization history. Like the other basaltic 
shergottites, Los Angeles also contains the two pyroxenes, pigeonite and augite. The 
feldspars are comprised entirely of maskelynite (An41Or4 to An58Or1) and many show 
reverse-zoning in calcium (Mikouchi, 2000). The minor phases in Los Angeles are 
merrillite, silica, iron-titanium oxides, pyrrhotite, olivine and carbonates (Rubin et al. 
2000).  
 
QUE94201 – QUE94201 is a depleted basaltic shergottite that was recovered from a 
glacial moraine in the Queen Alexandra Range of Antarctica in 1994. This coarse-grained 
basalt has Rb-Sr and Sm-Nd crystallization ages of 327 Ma (Borg et al. 1997). Pyroxene 
and maskelynite grains are on average 1 mm in length. Minor phases include Fe-Ti 
oxides, merrillite, olivine-silica intergrowths, pyrrhotite and mesostasis. It has been 
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suggested that QUE94201 is petrographically similar to the dark-mottled-lithology seen 
in Zagami (McSween et al. 1996). The main pyroxenes in QUE94201 are pigeonite and 
augite. The pigeonite is strongly zoned, showing Fe-enrichment towards the rim. The 
maskelynites (An66-52) also show zoning, with An-rich cores (McSween et al. 1996).  
 
SaU 005 – SaU 005 is a depleted olivine phyric basaltic shergottite that was found in 
Sayh al Uhaymir, Oman in 1999. An Sm-Nd isotopic study yielded a crystallization age 
of 446±13 Ma (Shih et al. 2007). Large olivine phenocrysts (600-2000 µm long) are set in 
a finer-grained matrix of low-calcium pyroxene and maskelynite. Minor phases include 
chromite, ilmenite, pyrrhotite with lesser augite and whitlockite. A notable feature of SaU 
005 is the volume of shock melt. Vesicular shock melt pockets and veins account for 9% 
of the volume of the sample, and can contain vesicles up to 3 mm in size (Zipfel, 2000). 
Olivines show normal zoning from Fo71 to Fo65. Maskelynites are feldspathic in 
composition with An51-56Or0.3-0.9. Pigeonite is the predominant pyroxene, with the average 
composition En70Wo6 to En61Wo13. Few augites were present and were roughly En50Wo32 
(Zipfel, 2000).  
 
Tissint – Tissint is a depleted olivine-phyric shergottite that fell in Morocco in July of 
2011 (Aoudjehane et al. 2012). It is only the fifth (and most recent) martian meteorite fall 
to date. It contains large phenocrysts of olivine set in a finer-grained matrix of pyroxene 
and maskelynite. The Rb-Sr and Sm-Nd isotopic systems yielded a crystallization age of 
574 ± 20 Ma (Brennecka et al. 2014). The cores of the large olivine phenocrysts and 
smaller microcrysts in the matrix range in iron content; between Fa19.4-20.2 for the 
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phenocrysts and Fa29.1-30.2 for the microcrysts. Both types of olivine have thin ferroan 
rims (Fa43.2-60.4). Pyroxenes consist of pigeonite (Fs26.1-51.6Wo11.9-16.9) and augite (Fs21.7-
23.3Wo25.0-24.2), both of which have orthopyroxene cores (Fs24.0-24.4Wo4.1-4.6). Plagioclase 
(An61.1-64.3Or0.4-0.5) has all been shocked to maskelynite (Irving and Kuehner, 2012).   
 
Nakhlites  
Nakhla – Nakhla was witnessed to fall on the morning of June 28th, 1911 near 
Alexandria, Egypt. Its crystallization has been established to be ~1.3 Ga based on several 
radiometric chronometers (Papanastassiou and Wasserburg, 1974; Gale et al. 1975; 
Nakamura et al. 1982). It is a cumulate clinopyroxenite, consisting mainly of Mg-rich 
augite and less abundant Fe-rich olivine set in a fine-g1rained matrix of radiating lath-
shaped plagioclase crystals, some minor and trace amounts of pyroxenes, iron-titanium 
oxides, sulfides and chlorapatites. The augite is mainly Wo39En38Fs13 (Harvey and 
McSween, 1992). The feldspars occur as radiating lath-shaped crystals in the mesostasis 
and are An34Ab62Or4 (Bunch and Reid, 1975). 
 
Lafayette – The Lafayette meteorite was discovered in a Purdue University rocks and 
mineral collection by Dr. Farrington in 1931 (Nininger, 1935). The Rb-Sr and Sm-Nd 
systematics both yield a crystallization age of ~1.3 Ga for this clinopyroxenite that is 
similar to that of Nakhla (Nakamura et al. 1982; Shih et al. 1998). It has a texture and 
mineralogy that is also broadly similar to that of Nakhla, although geochemical indicators 
such as major element zonation in their cumulus minerals suggest that it is significantly 
more equilibrated than Nakhla (Harvey and McSween, 1992). Augites (Wo39En39Fs22) are 
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the predominant cumulate phase, with some lesser olivine (Fa66), feldspar (Or4Ab62An34 
to Or22Ab65An13) and trace iron-titanium oxides (Boctor et al. 1976; Harvey and 
McSween, 1992). 
 
Yamato 000593 – Yamato 000593 is a nakhlite that was recovered in Antarctica by the 
Japanese Antarctic Research Expedition in 2001 (Okazaki et al. 2003). Similar to the 
other nakhlites, this clinopyroxenite also has a crystallization age of ~1.3 Ga (Shih et al. 
2002). Like Nakhla and Lafayette, the main cumulas minerals are augite and lesser 
amounts of olivine. However, unlike the two other nakhlites (that only contain ~1% fine-
grained matrix) this sample contains ~10% mesostasis that is composed mostly of narrow 
laths of plagioclase, some K-rich feldspar and a silica mineral (Mikouchi et al. 2003). 
The composition of the augites is generally En50-70Wo35, and has been shown to be 
similar to that in other nakhlites (Mikouchi et al. 2002). Minor and accessory phases 
include olivine and iron-titanium oxides.  
 
Methods 
Sample preparation  
 Polished thin sections (PTS) were prepared from each of the eight meteorites 
studied here. We consider this to be “hydrous” sample preparation, since water and epoxy 
were used in the cutting, polishing and mounting of the sample. It has been suggested by 
previously in several studies of hydrogen isotope systematics in the martian meteorites 
that this “hydrous” method of sample preparation may affect the D/H ratios and H2O 
contents in phases measured in such samples, and thus make it appear to be more 
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“terrestrial”. In an effort to address the affect of sample preparation on the hydrogen 
isotopic composition of a sample, an additional thick section of the Zagami shergottite 
was “anhydrously” prepared to allow us to compare the hydrogen isotopic compositions 
and H2O contents of maskelynites in the polished thin section versus the anhydrously 
prepared thick section for the same meteorite. 
 
An Introduction to Secondary Ion Mass Spectrometry (SIMS) 
In Secondary Ion Mass Spectrometry (SIMS), a sample is bombarded with primary 
ions, thus ejecting secondary ions that are mass analyzed and then collected in one or 
more collectors (typically electron multipliers or Faraday cups). A more detailed 
description of the SIMS technique is given below. 
A schematic diagram for SIMS is illustrated in Fig. 1. This type of mass spectrometer 
consists of two main parts: a source of primary ions and a mass spectrometer. Two 
primary ion source types are generally available. The first type utilizes gases (such as Ar 
or O; other gases have also been used) that are fed into a duoplasmatron that produces 
positive or negative ions (e.g., Ar+, O+, O–). A second type of source produces cesium 
ions. Primary oxygen beams (usually O– for the study of insulating minerals) are 
generally utilized when analyzing electropositive elements, while a primary cesium (Cs+) 
beam is used when analyzing electronegative elements (Ireland, 2004). This study used a 
Cs+ beam. After a beam of Cs+ ions is produced, it is bent by a magnetic prism and sent 
down a primary ion column. The beam is focused in the primary ion column by a series 
of deflectors and lenses, and is sent through an immersion lens at the end of the column 
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and impacts the sample at an incident angle of 20-45˚, depending on the energy of the 
primary beam and the sample potential. 
 The Cs+ primary beam can eject atoms from the sample, but in the case of the 
analysis of insulators, will result in a positive charge build-up. Applying a thin (e.g., 200 
Å) conducting coat helps to alleviate this problem, but it is essential to include an 
auxiliary electron gun to deliver enough negative charge to the sputtered crater to 
compensate for the build-up of positive charge on the sample surface. 
 The secondary ions created at the surface of the sample are electrostatically 
accelerated away from the surface and sent through an entrance slit and into the mass 
spectrometer. Since the act of ionizing the sample can create ions with a range of 
energies, the electrostatic analyzer is used to focus only those ions with a narrow energy 
range of 5000±20 eV. The secondary beam then passes through an entrance slit and into 
the electromagnet. The electromagnet then separates the ions based on their mass to 
charge ratio, which is essential for analyzing distinct isotopes. Finally, the secondary ions 
are sent through an exit slit at the end of the mass spectrometer, through projection 
lenses, an electrostatic sector and into an electron multiplier or a Faraday cup depending 
upon how many secondary ions are present (Ireland, 2004). Depending on the type of 
SIMS instrument, analyses can be made in peak-switching mode with a single collector 
or by measuring various isotopes on multiple collectors. 
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Figure 2: General schematic of a secondary ion mass spectrometer (Valley et al, 1998). 
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Setup for SIMS Analyses 
In-situ hydrogen isotopic analyses of NAPs in the polished thin sections of each of the 
eight martian meteorites was performed using a Cameca IMS 6f ion microprobe at 
Arizona State University. We chose to analyze maskelynites in the shergottites because a 
previous study on the Tissint shergottite showed this phase to be one the least affected by 
contamination during sample preparation (Mane et al. 2013). We additionally analyzed 
pyroxenes in the nakhlites since, compared to this mineral in the shergottites, they are 
typically not as fractured, and are the most abundant phase present in the nakhlites. 
 The D/H ratios and H2O contents of the following eight martian meteorites were 
analyzed: Polished thin sections of the shergottites Zagami, Los Angeles QUE 94201, 
SaU 005, and Tissint, and the nakhlites Nakhla, Lafayette, and Yamato 000593; in 
addition, an anhydrously prepared thick section of the Zagami shergottite. Each thin and 
thick section was gold- or carbon-coated and stored under high vacuum in the SIMS 
sample chamber for at least ~4 hours prior to analysis. A 133Cs+ primary beam of 8-10 nA 
was accelerated to 10 keV and rastered over a 40×40 µm2 area on the sample surface. 
Negative ions were accelerated to 5000 V into the mass spectrometer. For these analyses, 
we detected ions restricted to only a circular area ~17-20 µm in diameter. A 40 eV energy 
window was used, and the mass spectrometer was operated at a mass resolving power of 
~400 (wide open). 1H and 2D were detected on an electron multiplier, and 16O- on a 
Faraday cup. The area of interest was pre-sputtered for 2-4 minutes to remove surface 
contamination. Each analysis cycle consisted of measuring H (1 sec) and D (10 sec) in 
peak switching mode, with each measurement run consisting of 60-200 cycles. At the end 
of each analysis, 16O- was measured. The H2O content was determined using the 
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measured H-/O- ratio, which was calibrated to determine H2O concentrations using 
hydrous rhyolites as standards. Natural obsidian (δD  = -150 ‰ (Pichavant et al. 1987)) 
was used as the standard for the determination of the hydrogen isotope compositions of 
the NAPs measured here.  
 The SIMS at Arizona State University has the capacity to hold a single one-inch-
round thin section at a time. As a result, we utilized a sample-standard bracketing method 
for standardization and blank analyses, which involved multiple sample changes. The 
background of the instrument could only be estimated through analyses of the Lake 
County Plagioclase (the blank), which was mounted in a different polished thin section. 
We had to assume that the background during analysis of the unknown samples was the 
same as during the analysis of this blank. 
 
Results 
This study presents a total of 113 individual analyses of hydrogen isotopic 
compositions and H2O contents on nominally anhydrous phases in 8 martian meteorites. 
The number of spot analyses in each meteorite were as follows: 16 on maskelynites in the 
Zagami PTS; 9 on maskelynites in the Zagami anhydrously-prepared thick section 
(ATS); 15 on Los Angeles maskelynites; 13 on QUE 94201 maskelynites; 3 on SaU 005 
maskelynites; 21 on Tissint maskelynites; 7 on Nakhla augites; 17 on Lafayette augites; 
and12 on Yamato 000593 augites. The δD values measured in the NAPs in each 
meteorite were highly variable: –91 to +849‰ in maskelynites in the Zagami PTS;  –33 
to +417‰ in maskelynites in the Zagami ATS; –105 to +402‰ in Los Angeles 
maskelynites; –28 to +390‰ in QUE 94201 maskelynites; +10 to +763‰ in SaU 005 
	   20	  
maskelynites; –115 to +2870‰ in Tissint maskelynites; +92 to +433‰ in Nakhla 
augites; –174 to +675‰ in Lafayette augites; and –317 to –201‰ in Yamato 000593 
augites. Similarly, the H2O contents in the NAPs measured in each meteorite were also 
variable: 93 to 215 ppm in maskelynites in the Zagami PTS; 110 to 223 ppm in 
maskelynites in the Zagami ATS; 138 to 276 ppm in Los Angeles maskelynites; 76 to 
224 ppm in QUE 94201 maskelynites; 212 to 324 ppm in SaU 005 maskelynites; 74 to 
1087 ppm in Tissint maskelynites; 48 to 82 ppm in Nakhla augites; 68 to 1825 ppm in 
Lafayette augites; and 456 to 1242 ppm in Yamato 000593 augites. 
The individual δD values and H2O abundances measured on each of the 113 spots 
in the NAPs of the 8 martian meteorites studied here are given in the Appendix. Although 
the majority of the spot locations for the analyses were on distinct grains, we did perform 
multiple spot analyses on some grains in some of the meteorites. Our data show that the 
variations in the δD values and H2O contents are present not only between different 
grains but also within individual grains. For example, Fig. 4 shows a maskelynite grain in 
which analyses were made on 4 different spot locations where δD values ranged from –
45 to 565‰ and the H2O abundances ranged from 107 ppm to 140 ppm. In some cases, 
however, different grains in the same meteorite can have the same δD values and H2O 
abundances within the analytical errors (Fig. 5). All 113 individual analyses performed in 
this study are shown in Figure 3, which is a plot of reciprocal H2O abundance (in ppm) 
versus the δD (in per mil). In such a plot, a mixing relationship between two distinct 
reservoirs would be apparent as linear trends.  
It is noted that the ranges in δD values and H2O abundances are similar in the 
maskelynites analyzed in the Zagami PTS and ATS, consistent with the findings of Mane 
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et al. (2013) for maskelynites in the Tissint shergottite. Since sample preparation does not 
appear to make any difference in the hydrogen isotope systematics of maskelynite, we did 
not differentiate between analyses of this phase in the Zagami PTS and ATS in Fig. 3 
(and in the discussion in the following sections). 
 
 
 
 
 
 
	   22	  
 
Figure 3: Reciprocal H2O contents (in ppm) versus the hydrogen isotopic compositions of NAPs in martian 
meteorites. Linear trends in such a plot would be indicative of mixing between reservoirs. Squares = shergottite 
maskelynites. Triangles = nakhlite pyroxenes. Asterisks indicate meteorites that were observed falls. The range 
in δD shown here for the martian atmosphere (pink band) is from Webster et al. (2013), while the range in δD 
for terrestrial water (blue band) is from Hoefs, 2010 (and references therin). 
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Figure 4: Plane polarized light image of the Zagami PTS showing spot locations of four SIMS analyses (blue 
dots); numbers adjacent to each dot show the δD value (in per mil) and H2O abundance (in ppm) 
measured at that location. As can be seen here, δD values and H2O abundances vary significantly even 
within a single grain. Scale bar is on lower right. 
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- 47±31‰
-45±31‰ +184±147‰
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Figure 5: False-colored plane polarized image of Nakhla and spot locations of two SIMS analyses on two 
different augite grains (blue squares). Numbers adjacent to each square show the δD value (in per mil) and H2O 
abundance (in ppm) measured at that location. Scale bar is on lower right. 
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116±88‰ 
200 µm
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Discussion 
Alteration Processes Affecting Hydrogen Isotopes 
Table 1 presents a summary of the literature data on the radiometric 
crystallization ages, martian ejection ages and terrestrial residence times of each of the 8 
meteorite studied here, along with the ranges of δD and H2O contents reported here in 
NAPs in these meteorites. There appears to be no systematic relationship between either 
the crystallization ages, ejection ages or terrestrial residence times with the ranges in δD 
and H2O contents observed here. 
Terrestrial contamination has long been a concern in the study of hydrogen 
isotopes in extraterrestrial materials. Given that terrestrial water reservoirs are known to 
have δD values ranging from +50 to –350‰ (Hoefs, 2003; and references therein), many 
previous hydrogen isotope studies of the martian meteorites attributed low δD values to 
interaction with the terrestrial environment (e.g., Watson et al. 1994; Boctor et al. 2003, 
and others). As can be seen from Fig. 3 and Table 1, a significant fraction of the analyses 
conducted in this study have δD values that are within the range of terrestrial water (even 
though such analyses have highly variable H2O contents) regardless of whether these 
analyses were made on shergottites or nakhlites (with different petrologic-geochemical 
characteristics, crystallization ages or ejection times), falls or finds (with short or 
relatively long residence times). This observation suggests that either terrestrial 
contamination is pervasive and rapidly alters the hydrogen isotopic signatures in the 
martian meteorites, or that the meteorites have preserved their martian δD values, many 
of which are similar to that of the Earth.  
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Table 1: Summary of the radiometric crystallization ages, Mars ejection ages, and terrestrial residence 
times taken from the literature for the 8 meteorites studied here, along with the ranges of δD and H2O 
contents analyzed this study in NAPs in these meteorites. Asterisks indicate observed falls, and the 
residence times indicated are the durations since the meteorites were recovered. Literature data are from: 
Jull et al. 1997; Nishiizumi et al. 1999; Nyquist et al. 2001; Okazaki et al. 2003; Nishiizumi and Hilegonds, 
2004; Misawa et al. 2005; Brennecka et al. 2014. 
 
 
 
 
 
 
 
 
 
 
Meteorite Radiometric,Age
Ejection,Age,
(Ma)
Terrestrial,
Residence,
Time,
Water,(ppm),
Range δD,(‰),Range
Tissint 574±20'Ma 4'years* 74'/–'1087'ppm /115'–'+2870‰
QUE,94201 327±10'Ma 2.71±0.20 0.29±0.05'Ma 76'–'224'ppm /29'–'+390‰
SaU,005 474±11'Ma 1.25±0.2 0.060±0.02'Ma 212'–'324'ppm +10'–'+763‰
Zagami 177±3'Ma 2.92±0.15 53'years* 93'–'223'ppm /93'–'+849‰
Los,Angeles 170±8'Ma 3.10±0.20 138'/–'276'ppm /105'–'+402‰
Lafayette 1.32±0.02'Ga 11.9'±'2.2' 0.0089±0.0013'Ma 68'–'1825'ppm /174'–'+675‰
Nakhla 1.27±0.01'Ga 10.75±0.40 114'years* 48'–'82'ppm +92'–'+433‰
Yamato,000593 1.31±0.02'Ga' 12.1±0.7 0.055±0.02'Ma 456'–'1242'ppm /317'–'/201‰
Depleted'
Shergottites
Enriched'
Shergottites
Nakhlites
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It has been shown that magmatic degassing can also alter the hydrogen isotopic 
composition (and obviously the abundance) of H2O in the parent magma. Taylor et al. 
(1983) showed that volcanic rocks formed from magmas that had degassed H2O vapor 
showed lighter δD compositions and lower H2O contents than the original parent magma. 
Demeny et al. (2006) showed that degassing H2O vapor (dehydration) and H2 gas 
(dehydrogenation) can produce opposite effects in the δD of the parent melt, with the 
former process resulting in lighter δD compositions and the latter producing heavier δD 
compositions; both processes lowered the original H2O content. Nevertheless, as shown 
in these studies, the relative change in δD from magmatic degassing processes is less than 
~100‰. Thus, it is not likely that magmatic degassing alone can account for the 
extensive variation in δD and H2O contents observed in martian meteorites, although it 
may account for some of it.  
 Unlike most terrestrial rocks, martian meteorites have experienced peak shock 
pressures (15-45 GPa) which were necessary to excavate them from Mars and deliver 
them to earth (Nyquist et al. 2001). However, surviving impacts of such magnitude may 
have altered the original isotopic signature of the martian meteorites. Shock experiments 
on kearsutitic amphiboles have shown that the δD can increase by upwards of ~100‰, 
and H2O contents can increase by up to 1.0 wt% (Minitti et al. 2008). This study was not 
conducted on NAPs, but this does suggest that some variation in δD and H2O contents 
may result from shock processes.  
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Implications for Hydrogen Isotopic Reservoirs on Mars 
 The martian atmosphere is enriched in deuterium relative to hydrogen. Previous 
studies of hydrogen isotope systematics in the martian meteorites have attributed elevated 
δD values in some of the phases to interaction with martian crustal fluid reservoir that 
had exchanged hydrogen with the D-enriched martian atmosphere. Likewise, we attribute 
the relatively high δD values observed in some of our analyses of the NAPs in the 
martian meteorites studied here (i.e., those heavier than terrestrial water, as shown in Fig. 
3) to post-crystallization D-enrichment through interaction with an isotopically heavy 
crustal fluid reservoir that had exchanged with the martian atmosphere.  
 Nevertheless, as mentioned previously, a significant fraction of our analyses have 
δD values that fall within the range of terrestrial water (i.e., within the blue band in Fig. 
3), even though these analyses show a very wide range in H2O contents (ranging from 
only a few 10s of ppm up to ~1800 ppm). We suggest that the data plotting towards the 
lower-right of the plot in Fig. 3 (i.e., low δD values and relatively dry) may be 
representative of NAPs that have retained their primary magmatic signatures. As such, 
we propose that the primordial Mars mantle is characterized by Earth-like δD values. 
This is consistent with the suggestions by previous authors who have investigated D/H 
ratios in other phases in the martian meteorites (e.g., Boctor et al. 2003; Usui et al. 2012).  
 It is more challenging to ascertain whether the data plotting towards the lower-left 
of the plot in Fig. 3 represents significant addition of a terrestrial component, or if they 
represent interaction with another distinct martian water-rich reservoir (possibly 
magmatic or metasomatic fluids that have not exchanged with the martian atmosphere) 
	   29	  
that also has an Earth-like δD composition. Given the current data set, it is difficult to 
distinguish between these two possibilities, and that the martian mantle is indeed similar 
to the Earth’s (as in Usui et al. 2012). 
 
Implications for H2O in Martian Meteorite Parent Magmas 
 While uncertainty remains in the δD of the source of martian meteorite magmas, 
we attempt to constrain the H2O content in the martian mantle using our data.  Below we 
show a calculated upper limit of the H2O content of the martian mantle based on our 
hydrogen analyses from this study. Using the minimum H2O contents of each of the 
samples analyzed in this study and a partition coefficient for H2O of 0.01 (Hamada et al. 
2013) for plagioclase and 0.01 for pyroxene (Hirschmann et al. 2009) yield an upper limit 
on the volatile contents for each of the meteorite parent magmas (Table 2). The H2O 
contents varied slightly from sample to sample: the Zagami magma contained 0.93 wt% 
H2O, the Los Angeles magma contained 1.38 wt% H2O, the QUE 94201 magma 
contained 0.76 wt% H2O, the SaU 005 magma contained 2.12 wt% H2O, the Tissint 
parent magma contained 0.75 wt% H2O, the Nakhla magma contained 0.48 wt% H2O, the 
Lafayette magma contained 0.68 wt% H2O and the Yamato 000593 magma contained 
4.56 wt% H2O. These values record the H2O content at the time of plagioclase 
crystallization for the shergottites and pyroxene formation for the nakhlites. Thus, both 
the shergottite and nakhlite parent magmas contained an upper limit of ~< 2.0 wt% H2O 
at the time of plagioclase or pyroxene crystallization according to this study.  
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Table	  2:	  Compilation	  of	  parental	  magma	  H2O	  contents	  based	  on	  SIMS	  analyses	  of	  NAPs	  in	  eight	  martian	  
meteorites.	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Phase Used Parental Melt H2O Content (wt%)
Tissint Maskelynite 0.74
QUE 94201 Maskelynite 0.76
Zagami Maskelynite 0.93
Los Angeles Maskelynite 1.38
SaU 005 Maskelynite 2.12
Nakhla Augite 0.48
Lafayette Augite 0.68
Yamato 000593 Augite 4.56
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These values overall agree well with previous studies of martian meteorite parent 
magmas. McSween et al. (2001) conducted hydrous and anhydrous experiments that 
suggested that the shergottite pre-eruptive magma could have contained up to 1.8 wt% 
H2O. McCubbin et al. (2012) predicted much lower H2O contents for the shergottite 
parent magmas. Based on the apatite analyses by Leshin (2000), McCubbin estimated 
that the shergottite melt contained between 1.53-2.86 wt% H2O at the time of apatite 
crystallization, and 730-2870 ppm total H2O in the shergottite parent magma. These 
studies are in rough agreement with the magmatic H2O contents found in our study.  
 Boctor et al. (2003) published an extensive study of measured H2O and δD 
contents in various phases of eight martian meteorites. Using the H2O contents measured 
in the orthopyroxenes of Shergotty, Zagami and EETA 79001 in Boctor’s study, we 
calculated a shergottite parent magma H2O content of 2-64 ppm. These H2O contents are 
orders of magnitude lower than our predictions for the shergottite parent magma H2O 
contents. Furthermore, the results from Boctor’s study imply that Mars may have 
differentiated under anhydrous conditions.  
 
Implications for H2O in the Martian Mantle 
 The parent melts of the nakhlites are not primary melts from the martian mantle. 
Rather, they are somewhat evolved melts that resulted from some degree of crystal 
fractionation from the original primary magmas. In order to constrain the H2O content of 
the mantle source of the nakhlites, we first need to calculate the H2O content of the 
nakhlite parent magma (Cl). We did this by inverting the lowest H2O abundance that we 
measured in a nakhlite pyroxene (i.e. 48 ppm in Nakhla augite) using an appropriate 
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augite/melt partition coefficient. We then calculated the H2O content of the primary 
magma (Co), assuming about ~10 – 20% crystal fractionation (f). We also assumed that 
the fractionating crystals did not incorporate any H2O. Once we had an estimate of Co, we 
calculated the H2O content of the nakhlite martian mantle source using the formulation 
given in Equation 2, and assuming relatively low degrees of partial melting (F ~2 – 10%) 
of the source to produce a nakhlite primary magma.  
Equation	  2:	  Non-­‐modal	  batch	  melting	  calculation	  of	  magmatic	  H2O	  contents	  for	  the	  parental	  melt	  and	  
martian	  mantle	  melt	  H2O	  contents	  (Shaw,	  2007)	  
    
where Co is the H2O content of the primary magma produced by partial melting of the 
nakhlite source mantle, Cl is the H2O content of the parental magma produced by some 
degree of subsequent crystal fractionation (i.e., f to be between 10 and 20%), Cs is the 
H2O content of the nakhlite mantle source, P is the proportion of each phase that melted 
to produce the primary magma times the distribution coefficient of each phase (also 
known as the melt reaction), Do is the bulk mantle partition coefficient prior to mantle 
melting, and F is the degree of mantle melting to produce the primary magma.  
Since the proportion of each mineral in the melt changes as a function of pressure, 
the melt reaction (P) varied between 0.0126 and 0.0130 from 0.5 to 2 GPa. The bulk 
partition coefficient was determined using starting mantle modal compositions from 
melting experiments by Collinet et al. (in review). Averaging the experiments that result 
in roughly 10% melt from Collinet et al., and normalizing out the melt content lead to an 
initial martian mantle modal composition of 69.7% olivine, 31.0% orthopyroxene, and 
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14.8% clinopyroxene.  Partition coefficients for olivine and clinopyroxene (0.0017 and 
0.019) came from Aubaud et al. (2004). The clinopyroxene partition coefficient, 0.01, 
was calculated using a range of Al2O3 contents and averaged from a plot in Hirschmann 
(2009) showing a linear relationship between D and Al2O3 content. This resulted in a 
bulk mantle partition coefficient of 0.0085 (prior to mantle melting).  
 The estimated H2O content of the nakhlite mantle source varied between ~10 and 
100 ppm H2O. An inverse relationship existed between the degree of melting of the 
mantle and the calculated H2O content. The pressure of melt generation does not appear 
to have a significant effect on the H2O content.  
 The same calculation was made for shergottite mantle H2O contents. For the H2O 
content of the fractionated parent magma, we used the lowest H2O content measured in a 
shergottite maskelynite (i.e., 74 ppm in Tissint). We assumed f to be between 30 and 
50%. P and Do remained the same, but melt fractions of the martian mantle (F) varied 
between 10 and 20% for the shergottites. The resulting shergottite mantle H2O contents 
ranged between ~200 - 700 ppm H2O.  
 These calculations were based on a number of assumptions. First, the lowest H2O 
contents in the martian meteorite NAPs represent the original abundance from 
crystallization of the parent magma, and that H2O is incompatible in any phases that 
crystallized prior to pyroxene or plagioclase. The calculations were based on non-modal 
batch melting of the martian mantle in order to produce the primary magma (Shaw, 
2007). Our martian mantle modal composition and estimates of F were derived from melt 
experiments from Collinet et al. (in review), which were based on a Dreibus and Wanke 
(1985) martian mantle composition.  
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 Usui et al. (2012) also constrained the H2O content of the shergottite mantle using 
their analyses of olivine-hosted melt inclusions. The assumptions used in their calculation 
were different than those used in McCubbin et al. (2012). Usui et al. used Na2O as an 
indicator for the amount of crystal fractionation that occurred in the primary melt, and 
assumed a simple batch melting scenario. Using partition coefficients ranging from 
0.001-0.01 (e.g., Hirschmann et al. 2009) and a melt fraction of 0.2-0.4, Usui et al. 
calculated the depleted shergottite mantle source to contain between 15-47 ppm H2O. 
However, previous studies (e.g., Borg et al. 1997) used Sm-Nd isotope systematics to 
infer that the depleted shergottite source experienced a low degree of partial melting. 
Usui et al. (2012) suggests that this process may have extracted H2O from the depleted 
shergottite primary melt due to the incompatible behavior of H2O, which may account for 
the relatively low shergottite mantle H2O contents calculated in their study.  
 Based on the results of our study, we infer that the martian mantle ranges between 
10 and 700 ppm H2O. This range in mantle H2O content also suggests that Mars may 
have differentiated under hydrous conditions. 
 
Implications for the Differentiation History of Mars 
 Here we report two distinct martian mantle H2O contents: a drier nakhlite mantle 
and a wetter shergottite mantle. The nakhlites have a crystallization age of ~1.3 Ga as 
opposed to that of a few hundred million years for the shergottites (Nyquist et al. 2001). 
However, since 182W-142Nd isotopic systematics indicate that distinct reservoirs sourced 
the nakhlites and the shergottites, a relationship between mantle H2O content and time 
cannot be made here (Foley et al. 2005).  
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 Differences in the H2O contents of the nakhlite and shergottite mantle sources are 
consistent with a heterogeneous martian mantle. Since Mars lacked large-scale mantle 
convection, mantle H2O was likely not well mixed on a global scale (Breuer et al. 1997).  
 
Conclusions 
We have constrained the sources of variation in the hydrogen isotopic data of this 
study to a few processes and isotopic reservoirs. Hydrogen isotopic variation between 
and within meteorites may be due to hydrogen exchange with the martian atmosphere, 
magmatic degassing, subsolidus alteration including shock, and/or terrestrial 
contamination. Shock processes and magmatic degassing are likely to have altered the δD 
by only ~100 ‰ (Taylor et al. 1984; Minniti et al. 2008). However, the extremely large 
δD enrichment (hundreds to thousands per mil) in some of the NAPs in the martian 
meteorites is only likely to have been produced by exchange of hydrogen with a D-
enriched reservoir such as the martian atmosphere.  
A significant fraction of the δD values measured in NAPs in this study are 
relatively low values and are consistent with the upper limit on the δD value of ~275 ‰ 
estimated for the martian mantle calculated by Usui et al. (2012). This implies that the δD 
of the martian mantle is similar to that of the terrestrial mantle.  
A notable finding in this study is that the nakhlite mantle and shergottite mantle 
sources yielded distinct ranges in H2O contents. The nakhlite source mantle is estimated 
to contain less H2O (10-100 ppm) than the shergottite source mantle (~200-700 ppm), 
suggesting that the martian mantle is heterogeneous in H2O content. This may be a result 
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of a lack of effective convective mixing of the martian mantle following magma ocean 
solidification.   
 The H2O content of Earth’s upper mantle ranges between 50-200 ppm H2O 
(Hirschmann, 2006). While this range is believed to represent a “blend of sources”, it is 
very similar to the range in H2O contents for the martian mantle derived from this study. 
Therefore, we suggest that the terrestrial and martian mantles are similar in H2O contents. 
Our study implies that the sources of H2O for Mars and Earth were either similar or the 
same.  
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HYDROGEN ISOTOPIC COMPOSITIONS OF MASKELYNITES IN 
SHERGOTTITES COLLECTED BY SIMS 
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Sample Grain δD (‰) H2O (ppm) Analytical Session
Zagami_Maskelynite_01 Grain 1 118 ± 121 215 Nov, 2013
Zagami_Maskelynite_02 Grain 2 565 ± 100 140 Nov, 2013
Zagami_Maskelynite_03 Grain 2 184 ± 147 107 Nov, 2013
Zagami_Maskelynite_04 Grain 3 313 ± 167 93 Nov, 2013
Zagami_Maskelynite_05 Grain 4 - 4 ± 156 120 Nov, 2013
Zagami_Maskelynite_06 Grain 5 167 ± 145 142 Nov, 2013
Zagami_Maskelynite_07 Grain 6 - 91 ±23 140 Jun, 2014
Zagami_Maskelynite_08 Grain 6 94 ± 31 131 Jun, 2014
Zagami_Maskelynite_09 Grain 6 - 31 ± 30 122 Jun, 2014
Zagami_Maskelynite_10 Grain 6 76 ± 37 100 Jun, 2014
Zagami_Maskelynite_11 Grain 7 - 29 ± 29 121 Jun, 2014
Zagami_Maskelynite_12 Grain 8 849 ± 26 166 Jun, 2014
Zagami_Maskelynite_13 Grain 3 38 ± 27 124 Jun, 2014
Zagami_Maskelynite_14 Grain 2 - 47 ± 31 124 Jun, 2014
Zagami_Maskelynite_15 Grain 2 - 45 ± 31 157 Jun, 2014
Zagami_Maskelynite_16 Grain 8 - 28 ± 31 134 Jun, 2014
Zagami_Maskelynite_01 Grain 1 141 ± 95 194 Feb, 2014
Zagami_Maskelynite_02 Grain 1 - 33 ± 79 223 Feb, 2014
Zagami_Maskelynite_03 Grain 1 128 ± 85 190 Feb, 2014
Zagami_Maskelynite_04 Grain 1 133 ± 91 193 Feb, 2014
Zagami_Maskelynite_05 Grain 1 166 ± 79 180 Feb, 2014
Zagami_Maskelynite_06 Grain 2 59 ± 103 161 Feb, 2014
Zagami_Maskelynite_07 Grain 3 417 ± 106 131 Feb, 2014
Zagami_Maskelynite_08 Grain 1 32 ± 157 110 Feb, 2014
Zagami_Maskelynite_09 Grain 1 77 ± 103 161 Feb, 2014
Tissint_Maskelynite_01 Grain 1 813 ± 27 334 Oct, 2013
Tissint_Maskelynite_02 Grain 2 800 ± 30 134 Oct, 2013
Tissint_Maskelynite_03 Grain 3 530 ± 32 106 Oct, 2013
Tissint_Maskelynite_04 Grain 4 62 ± 14 119 Oct, 2013
Tissint_Maskelynite_05 Grain 5 1874 ± 61 226 Oct, 2013
Tissint_Maskelynite_06 Grain 6 2750 ± 88 1087 Oct, 2013
Tissint_Maskelynite_07 Grain 7 873 ± 52 305 Nov, 2013
Tissint_Maskelynite_08 Grain 1 2870 ± 82 109 Nov, 2013
Tissint_Maskelynite_09 Grain 2 2839 ± 75 85 Nov, 2013
Tissint_Maskelynite_10 Grain 3 463 ± 44 855 Nov, 2013
Tissint_Maskelynite_11 Grain 8 2644 ± 94 74 Nov, 2013
Tissint_Maskelynite_12 Grain 9 261 ± 38 590 Oct, 2014
Tissint_Maskelynite_13 Grain 6 - 94 ± 27 592 Oct, 2014
Tissint_Maskelynite_14 Grain 10 161 ± 31 380 Oct, 2014
Tissint_Maskelynite_15 Grain 11 541 ± 28 590 Oct, 2014
Tissint_Maskelynite_16 Grain 12 174 ± 21 570 Oct, 2014
Tissint_Maskelynite_17 Grain 12 302 ± 39 311 Oct, 2014
Tissint_Maskelynite_18 Grain 13 101 ± 43 541 Oct, 2014
Tissint_Maskelynite_19 Grain 14 - 66 ± 39 331 Oct, 2014
Tissint_Maskelynite_20 Grain 14 - 48 ±33 402 Oct, 2014
Tissint_Maskelynite_21 Grain 15 - 115 ± 43 430 Oct, 2014
Tissint, polished thin section
Zagami, polished thin section
Zagami, anhydrously polished thick section
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Sample Grain δD (‰) H2O (ppm) Analytical Session
QUE94201_Maskelynite_01 Grain 1 257 ± 97 102 Nov, 2013
QUE94201_Maskelynite_02 Grain 2 231 ± 144 76 Nov, 2013
QUE94201_Maskelynite_03 Grain 3 319 ± 38 202 Oct, 2014
QUE94201_Maskelynite_04 Grain 4 - 25 ± 56 187 Oct, 2014
QUE94201_Maskelynite_05 Grain 4 344 ± 41 224 Oct, 2014
QUE94201_Maskelynite_06 Grain 4 105 ± 58 173 Oct, 2014
QUE94201_Maskelynite_07 Grain 5 - 20 ± 55 185 Oct, 2014
QUE94201_Maskelynite_08 Grain 6 - 28 ±52 192 Oct, 2014
QUE94201_Maskelynite_09 Grain 7 28 ± 55 181 Oct, 2014
QUE94201_Maskelynite_10 Grain 8 68 ± 53 172 Oct, 2014
QUE94201_Maskelynite_11 Grain 9 - 7 ± 60 181 Oct, 2014
QUE94201_Maskelynite_12 Grain 10 390 ± 45 186 Oct, 2014
QUE94201_Maskelynite_13 Grain 10 160 ± 53 194 Oct, 2014
LosAngeles_Maskelynite_01 - 336 ± 43 260 Jun, 2014
LosAngeles_Maskelynite_02 - 22 ± 48 268 Jun, 2014
LosAngeles_Maskelynite_03 - 143 ± 40 276 Jun, 2014
LosAngeles_Maskelynite_04 - - 23 ± 41 244 Jun, 2014
LosAngeles_Maskelynite_05 - - 11 ± 42 246 Jun, 2014
LosAngeles_Maskelynite_06 - - 35 ± 48 244 Jun, 2014
LosAngeles_Maskelynite_07 - 197 ± 38 242 Jun, 2014
LosAngeles_Maskelynite_08 - 97 ± 37 276 Jun, 2014
LosAngeles_Maskelynite_09 - - 105 ± 52 257 Jun, 2014
LosAngeles_Maskelynite_10 - - 29 ± 48 260 Jun, 2014
LosAngeles_Maskelynite_11 - 235 ± 44 258 Jun, 2014
LosAngeles_Maskelynite_12 - - 11 ± 63 138 Jun, 2014
LosAngeles_Maskelynite_13 - 368 ± 41 148 Jun, 2014
LosAngeles_Maskelynite_14 - 402 ± 57 157 Jun, 2014
LosAngeles_Maskelynite_15 - 262 ± 57 143 Jun, 2014
SaU005_Maskelynite_01 - 763 ± 24 258 Oct, 2014
SaU005_Maskelynite_02 - 603 ± 38 324 Oct, 2014
SaU005_Maskelynite_03 - 10 ± 40 212 Oct, 2014
QUE 94201, polished thin section
SaU 005, polished thin section
Los Angeles, polished thin section
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APPENDIX B: 
 
HYDROGEN ISOTOPIC COMPOSITIONS OF PYROXENES IN NAKHLITES 
COLLECTED BY SIMS 
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Sample Grain δD (‰) H2O (ppm) Analytical Session
Lafayette_Clinopyroxene_01 - 675 ± 72 85 Jun, 2014
Lafayette_Clinopyroxene_02 - 62 ± 22 1318 Jun, 2014
Lafayette_Clinopyroxene_03 - 333 ± 64 123 Jun, 2014
Lafayette_Clinopyroxene_04 - 89 ± 60 196 Jun, 2014
Lafayette_Clinopyroxene_05 - 60 ± 46 283 Jun, 2014
Lafayette_Clinopyroxene_06 - 566 ± 85 68 Jun, 2014
Lafayette_Clinopyroxene_07 - 323 ± 69 163 Jun, 2014
Lafayette_Clinopyroxene_08 - 365 ± 66 137 Jun, 2014
Lafayette_Clinopyroxene_09 - - 174 ± 22 805 Oct, 2014
Lafayette_Clinopyroxene_10 - - 85 ± 15 1002 Oct, 2014
Lafayette_Clinopyroxene_11 - - 75 ± 17 1825 Oct, 2014
Lafayette_Clinopyroxene_12 - - 20 ± 22 793 Oct, 2014
Lafayette_Clinopyroxene_13 - 58 ± 26 446 Oct, 2014
Lafayette_Clinopyroxene_14 - 1 ± 29 379 Oct, 2014
Lafayette_Clinopyroxene_15 - - 29 ± 28 230 Oct, 2014
Lafayette_Clinopyroxene_16 - 3 ± 29 354 Oct, 2014
Lafayette_Clinopyroxene_17 - 142 ± 38 154 Oct, 2014
Nakhla_Clinopyroxene_01 Grain 1 93 ± 70 78 Jun, 2014
Nakhla_Clinopyroxene_02 Grain 2 216 ± 79 68 Jun, 2014
Nakhla_Clinopyroxene_03 Grain 3 116 ± 88 65 Jun, 2014
Nakhla_Clinopyroxene_04 Grain 4 118 ± 82 57 Jun, 2014
Nakhla_Clinopyroxene_05 Grain 5 287 ± 63 82 Jun, 2014
Nakhla_Clinopyroxene_06 Grain 6 92 ± 99 48 Jun, 2014
Nakhla_Clinopyroxene_07 Grain 7 433 ± 77 73 Jun, 2014
Yamato000593_Clinopyroxene_01 - - 201 ± 25 945 Oct, 2014
Yamato000593_Clinopyroxene_02 - - 220 ± 26 802 Oct, 2014
Yamato000593_Clinopyroxene_03 - - 256 ± 37 652 Oct, 2014
Yamato000593_Clinopyroxene_04 - - 285 ± 39 790 790
Yamato000593_Clinopyroxene_05 - - 223 ± 32 666 666
Yamato000593_Clinopyroxene_06 - - 301 ± 17 1242 1242
Yamato000593_Clinopyroxene_07 - - 204 ± 41 473 473
Yamato000593_Clinopyroxene_08 - - 239 ± 54 744 744
Yamato000593_Clinopyroxene_09 - - 278 ± 37 632 632
Yamato000593_Clinopyroxene_10 - - 317 ± 31 851 851
Yamato000593_Clinopyroxene_11 - - 224 ± 33 649 649
Yamato000593_Clinopyroxene_12 - - 302 ± 30 456 456
Nakhla, polished thin section
Yamato 000593, polished thin section
Lafayette, polished thin section
